Flavonoids are involved in a number of critical events in the interaction between nitrogen-fixing bacteria and legumes. To get a better understanding of the importance of flavonoids in the earliest stages of the alfalfa-Rhizobium meliloti symbiosis, we followed the expression of two chalcone synthase (CHS) gene family members as well as of chalcone isomerase (CHI) and isoflavone reductase (IFR) genes. CHS transcripts increased 2 to 4 dpi (days postinoculation) with wild-type rhizobia, but not after inoculation with the heterologous R. leguminosarum bv. trifolii or with an exopolysaccharide (exo) mutant of R. meliloti. CHS transcripts were detected in the root hairs and epidermal cells of the root hair zone, and infrequently in nodule primordia. Insignificant CHI and IFR mRNA accumulation over control levels was observed in response to rhizobial inoculation. The slight increase in CHS transcript accumulation following wild-type R. meliloti inoculation was correlated with an observed increase in root flavonoid content as well as a change in the nod gene-inducing activity of the root exudate. The nod gene-inducing flavonoids exuded from wild-type rhizobia-inoculated roots were identified as 4´, 7-dihydroxyflavone and 4, 4´ dihydroxy-2´-methoxychalcone. Although there was a slight increase over the uninoculated controls in the level of medicarpin-3-O-glucoside 6´´-Omalonate (MGM) in extracts of roots inoculated with rhizobia, IFR transcript accumulation was not significantly elevated over that of the controls. Moreover, no medicarpin aglycone was detected in the inoculated roots. Thus, although inoculation with wild-type rhizobia triggers some of the genes induced during an interaction between a host and a pathogen, the expression of these genes in the Rhizobium-legume interaction is at a very low level, suggesting that rhizobia have evolved a mechanism(s) to avoid triggering the host's defense responses.
culminate in the formation of a nitrogen-fixing nodule takes place. Flavonoids exuded from legume seeds and roots induce rhizobial nodulation (nod) genes (Mulligan and Long 1985; Kosslak et al. 1987; Firmin et al. 1986; Maxwell et al. 1989; Peters et al. 1986; Redmond et al. 1986 ). Nod factor, lipochitooligosaccharides synthesized by the products of the nod genes, is responsible for some of the earliest events in the symbiosis, including root hair curling (Lerouge et al. 1990 ), cortical cell division (Truchet et al. 1991) , preinfection thread formation , and expression of some early nodulin genes (Vijn et al. 1993 (Vijn et al. , 1995 Horvath et al. 1993; Journet et al. 1993; Bauer et al. 1994; Crespi et al. 1994; Y. Fang and A. M. Hirsch, unpublished results) .
Flavonoids have been implicated in many other aspects of the Rhizobium-legume symbiosis besides induction of nod genes. For example, flavonoids have been proposed to be involved in nodule morphogenesis (Hirsch 1992; Yang et al. 1992) . Another postulated role for flavonoids in the rhizobialegume interaction is as part of a host defense reaction in response to the pathogenic or parasitic nature of Rhizobium (see reviews by Vance 1978; Djordjevic et al. 1987; Long and Staskawicz 1993; McKhann and Hirsch 1994a) . Isoflavonoids are precursors of phytoalexins which are synthesized as part of the hypersensitive response to incompatible pathogens (see Dixon 1986 ). These compounds, as well as other phenolics, have been shown to accumulate in some ineffective symbioses, suggesting that the host legume mounts a defense response to the invading Fix -rhizobia (Werner et al. 1985; Parniske et al. 1991 Parniske et al. , 1994 Yang et al. 1992; Grosskopf et al. 1993; Vasse et al. 1993) .
In this study, we have investigated alfalfa's response to R. meliloti inoculation by monitoring the expression of CHS (chalcone synthase), CHI (chalcone isomerase) and IFR (isoflavone reductase) genes, the genes which encode enzymes of the phenylpropanoid biosynthetic or "defense" pathway. CHS is the enzyme involved in the first step committed to flavonoid biosynthesis, the synthesis of the chalcone. This reaction is followed by a ring closure, mediated by CHI, to produce a flavanone. IFR is a later step in the pathway; it catalyzes the penultimate step in medicarpin biosynthesis (Paiva et al. 1991) . By using cDNA clones of two of the four CHS genes that we previously determined to be expressed in nitrogen-fixing nodules (McKhann and Hirsch 1994b) , we show that the nodule-expressed CHS4-1 mRNAs are slightly elevated in alfalfa roots that were inoculated with wild-type rhizobia compared to uninoculated roots. In addition, CHS6-4 transcripts are detected in epidermal and root hair cells of inoculated roots. The early increase in CHS transcript accumulation is correlated with an increased production of nod-gene inducing flavonoids. However, neither CHI nor IFR mRNA levels are increased in R. meliloti-inoculated roots compared to uninoculated controls. Moreover, no medicarpin was detected in alfalfa roots that had been inoculated with either wild-type or exo mutant R. meliloti. This suggests that rhizobia employ some sort of mechanism to avoid triggering a potential host defense response.
RESULTS
Nodule-enhanced chalcone synthase gene family members are expressed following inoculation with wild-type and mutant R. meliloti.
Four cDNA clones, CHS6-4, CHS4-1, CHS12-1, and CHS4-2, had been isolated from an alfalfa nodule cDNA library; thus, they are likely to represent CHS mRNAs that are expressed in the symbiotic interaction (McKhann and Hirsch 1994b) . We used RNAse protection analysis to show that CHS transcripts accumulated in alfalfa root tissue following R. meliloti inoculation. Probes CHS4-1P and CHS6-4P were made from CHS4-1 and CHS6-4 and are 175 and 148 bp, respectively, DNA fragments generated by PCR and subcloned into the vector pGEM4Z (McKhann and Hirsch 1994b) . Both probes had been determined previously to give specific protected fragments in RNAse protection analysis (McKhann 1993; McKhann and Hirsch 1994b ).
We first determined the level of CHS4-1 and CHS6-4 transcripts in uninoculated roots grown in the presence of 20 mM nitrate. Uninoculated roots grown in the absence of nitrate were previously shown to contain low levels of CHS4-1 and CHS6-4 mRNA (McKhann and Hirsch 1994b) . Nitrate was added to ensure that the plants remained healthy and that flavonoids were not synthesized as part of a stress response. We used a heterologous Rhizobium (R. leguminosarum bv. trifolii; ANU843) and an exopolysaccharide (exo) R. meliloti mutant (Rm7094) as additional controls to show that rhizobial inoculation per se did not trigger CHS gene expression (Figs. 1 and  2 ). CHS transcript levels were followed for only 8 dpi with ANU843, but for the complete 18 day-period following Rm7094 inoculation. In both cases, the amount of CHS transcript accumulation did not increase significantly over that of the uninoculated plus nitrate control.
RNAse protection analysis was then used to determine whether CHS transcripts accumulated in wild-type R. melilotiinoculated alfalfa roots compared to the control roots. An average value plus standard deviation at a specific time point for three independent experiments for CHS6-4 ( Fig. 1 ) and for two independent experiments for CHS4-1 (Fig. 2) is presented here.
For the CHS6-4 gene, there was little difference in relative transcript levels between RNAs isolated from total root systems inoculated with wild-type R. meliloti or left uninoculated until 10 dpi, at which time there was an approximately threefold increase in CHS6-4 transcript levels in Rm1021-inoculated roots (Fig. 1) . In contrast, even as early as 2 dpi, there was an obvious increase (nearly 100%) in CHS4-1 transcript accumulation. CHS4-1 transcript levels appeared to decrease relative to the uninoculated control levels at 4 dpi. However, this may be in part due to more CHS4-1 transcripts accumulating in the uninoculated control roots in contrast to the ANU843-and Rm7094-inoculated roots. At 6 dpi, the level of CHS4-1 transcripts in Rm1021-inoculated roots was significantly elevated over that of the controls and remained so for the duration of the experiment (Fig. 2) . Fig. 1 . RNAse protection assays comparing the temporal expression of CHS6-4 in uninoculated roots grown in the presence of 20 mM nitrate (line graph) and roots inoculated with heterologous (ANU843; lightshaded bars) and homologous (Rm7094 and Rm1021; darker shaded bars) rhizobia. Samples were taken over the 18-day experimental period except for ANU843, which was sampled until day 8 only. The transcript levels are normalized to the amount of Msc27-hybridizing RNA present in each sample. The line above and below the average values indicates the standard deviation. If absent, the standard deviations were too small to be displayed. Fig. 2 . RNAse protection assays comparing the temporal expression of CHS4-1 in uninoculated roots grown in the presence of 20 mM nitrate (line graph) and roots inoculated with heterologous (ANU843; lightshaded bars) and homologous (Rm7094 and Rm1021; darker shaded bars) rhizobia. Samples were taken over the 18-day experimental period except for ANU843, which was sampled until day 8 only. The transcript levels are normalized to the amount of Msc27-hybridizing RNA present in each sample. The line above and below the average values indicates the standard deviation. If absent, the standard deviations were too small to be displayed.
Spatial patterns of CHS expression 1 to 10 days after inoculation
We chose to study CHS6-4 by in situ hybridization analysis because CHS6-4 transcripts accumulate in uninoculated control roots to lower levels than CHS4-1 mRNAs (compare Yaxes in Figs. 1 and 2 ). CHS transcripts corresponding to the gene CHS6-4 were first localized by in situ hybridization in Rm1021-inoculated roots 10 dpi using the spot inoculation technique (data not shown); 10 days was the treatment time when the highest level of CHS6-4 transcripts was detected in inoculated roots using RNAse protection methods. Transcripts were not detectable in transverse (Fig. 3A) or in longitudinal sections (data not shown) of roots that had been shaminoculated.
We then proceeded backwards in time to look at roots which had been exposed to Rm1021 for fewer than 10 days. Examination of roots 2 to 6 dpi revealed a high density of silver grains in epidermal and emergent root hair cells adjacent to the site of spot inoculation ( Fig. 3B-C) . The silver grains correspond to transcripts that hybridized to the CHS6-4 probe. In some roots, the cells of vascular bundle of inoculated plants (Fig. 3C ) or the endodermal cells of lateral roots (Fig. 3H ) were also refractile. Occasionally, silver grains were associated with phloem fibers. No signal above background was detected in sections from inoculated roots that had been hybridized with a sense probe (data not shown).
Nodule primordia were also examined for CHS transcripts. The earliest time point when we could detect nodule primordia in spot inocculated roots was 3 dpi, but silver grains indicating the presence of CHS transcripts were not observed in these cells. Occasionally, signal was detected in nodule primordia cells 4 dpi, but the silver grains were aggregated and associated with starch grains (arrows, Fig. 3D , E). In most nodule primordia and developing nodules, the strongest bona fide signal was detected in root hair (left arrow) and epidermal cells surrounding the pre-emergent primordium (Fig. 3E ). However, we detected silver grains over inner cortical cell derivatives of nodule primordia formed 4 dpi in two of 20 young nodules examined (Fig. 3F , G). The photographic emulsion had been left to expose for 12 weeks for these nodules. In contrast to the aggregated appearance as seen in Figure 3E , the silver grains in Figure 3G were evenly distributed over the cytoplasm of the nodule primordium cells. Surprisingly, cells which contained infection threads did not exhibit significantly higher levels of CHS6-4 transcripts than noninfected cells (arrows, Fig. 3F , G).
CHS6-4-hybridizing transcripts were also not detected within the cells of lateral root primordia, which are clearly distinguishable from nodule primordia. On the other hand, parent root cells surrounding young lateral roots often contained significant amounts of CHS transcripts (arrows, Fig.  3H, I ). A similar localization has been cited for transgenic tobacco plants containing a bean CHS promoter-GUS construct (Schmid et al. 1990 ).
Expression of CHI and IFR.
Northern analysis was used to measure the levels of CHI and IFR gene expression. In uninoculated roots grown without nitrate, CHI transcripts levels were relatively constant and present at relatively low levels throughout the 18-day experimental period (see McKhann and Hirsch 1994b) . For uninoculated roots grown in the presence of 20 mM nitrate for 18 days or in roots inoculated with exo mutants and grown under nitrogen-limiting conditions for the same time period, CHI transcript levels were low (Fig. 4) . When alfalfa roots were inoculated with wild-type R. meliloti, no increase in CHI transcript levels was detected (Fig. 4) . Indeed, starting at 6 dpi, there was a statistically significant decrease in CHI transcript accumulation in Rm1021-inoculated roots compared to both uninoculated and Rm7094-inoculated roots.
The levels of IFR transcripts over the 18-day experimental period exhibited a pattern similar to that of CHI (Fig. 5) . None of the treatments were statistically different from one another or from the day 0 uninoculated control. There was an almost 50% increase in IFR transcript levels in Rm1021-inoculated roots 2 dpi over the uninoculated control levels, but the large standard deviation makes this increase appear insignificant.
Increase in nod-gene inducing flavonoids.
To determine whether the increased accumulation of CHS transcripts in response to wild-type R. meliloti could be correlated with the Ini response, we examined root exudate from Fig. 3 . In situ hybridization analysis of wild-type Rhizobium meliloti spot-inoculated roots using probes corresponding to CHS6-4P (see McKhann and Hirsch 1994b) . A, Dark-field photomicrograph of a cross section of a sham-inoculated root 4 dpi. No silver grains (detected as white spots) are observed over background. Exposed for 4 weeks. Bar, 50 µm. B, Dark-field photomicrograph of a cross section of a root 2 dpi. CHS transcripts (detected as white spots) are located mostly in the root hairs (arrows). Exposed for 4 weeks. Bar, 50 µm. C, Dark-field photomicrograph of a cross-section of root 6 dpi near the point of spot-inoculation. Most of the signal is in the root hairs (arrows). The stele is highly refractile because silver grains are deposited on fiber cells. Exposed for 12 weeks. Bar, 50 µm. D, Bright-field photomicrograph of the region in E (arrow) that shows light scattering. Silver grains, shown as a dark spots, bind non-specifically to the starch grains in these cells (arrow). Bar, 15 µm. E, Dark-field photomicrograph (non-median section) of a cross section of root with a nodule primordium 4 dpi with R. meliloti. Exposed for 4 weeks. The right arrow points to starch grains. Silver grains are also associated with the outer regions of the nodule and the root hairs (left arrow). Bar, 45 µm. F, Bright-field photomicrograph of a cross section of root with a nodule primordium 4 dpi. The interior cells of the nodule primordium are covered with silver grains. The arrow points to an infection thread. Exposed for 12 weeks. Bar, 50 µm. G, Dark-field photomicrograph of (F). Silver grains are deposited in the cells of the nodule primordium. The arrow points to an infection thread. H, Dark-field photomicrograph of a lateral root. Silver grains overlay the epidermal and cortical cells of the parent root (arrow). Some light scattering is also observed in the endodermis. Exposed for 4 weeks. Bar, 40 µm. I, Bright-field photomicrograph of the same lateral root. Bar, 40 µm. inoculated plants and uninoculated plants 5 dpi. In three separate experiments, an average twofold increase in nod gene induction was measured in exudates following inoculation with wild-type R. meliloti (Table 1) . Examination of the flavonoid profile of root exudates confirmed that higher levels of flavonoids known to induce rhizobial nod genes are found in exudates from roots inoculated with wild-type R. meliloti (Fig. 6A) . The largest increase was in 4´, 7-dihydroxyflavone (30.9 ng/ml compared to 0 ng/ml for exudates from uninoculated roots). A fourfold increase in 4, 4´-dihydroxy-2´-methoxychalcone was also detected (Fig.  6A) . In contrast, no 4´, 7-dihydroxyflavone or 4, 4´-dihydroxy-2´-methoxychalcone was detected in exudates prepared from roots inoculated with the R. meliloti exo mutant (Fig. 6A) . A small increase in glycosylated formononetin as well as in two unknown compounds was also observed (data not shown). The concentrations of these flavonoids, however, were very low, making it difficult to determine any statistical differences among the three treatments.
A small increase was observed in flavonoid content in extracts made from roots inoculated with wild-type or exoB R. meliloti in comparison to extracts from uninoculated roots (Fig. 6B) . Analysis of the flavonoid profile of inoculated roots at 5 dpi indicated that the level of formononetin 7-Oglucoside-6´´-O-malonate (FGM) is approximately 40% higher than that in uninoculated root extracts (Fig. 6B ). An increase of approximately 110% in medicarpin-3-O-glucoside-6´´-O-malonate (MGM) was also observed in extracts prepared from R. meliloti-exoB mutant inoculated roots and an increase of 75% in MGM in wild-type R. meliloti-inoculated roots over the uninoculated controls. In a second experiment, the levels of FGM and MGM in wild-type R. melilotiinoculated roots were higher but more similar to those in uninoculated roots, and the levels of both FGM and MGM were significantly higher in R. meliloti exoB mutant inoculated roots than in the uninoculated roots (60 to 70% increases) (data not shown). Despite the increases in MGM, no increase in free medicarpin (medicarpin aglycone) was observed. MGM is thought to be a non-toxic storage form of medicarpin which is sequestered in the vacuole, whereas medicarpin aglycone is the active antimicrobial form (Paiva et al. 1991; Oommen et al. 1994) . Low levels of the nod gene inducers 7, 4´-dihydroxyflavone or 4, 4´-dihydroxy-2´-methoxychalcone were found in extracts derived from R. meliloti-exoB-inoculated roots (approximately 1.2 µg/g and 0.6 µg/g, respectively), very similar to the levels found in extracts from uninoculated and wild-type R. meliloti-inoculated roots.
DISCUSSION
We have examined the spatial and temporal patterns of expression for the CHS6-4 gene and the temporal patterns of CHS, CHI, and IFR genes during the establishment of the Rhizobium meliloti-alfalfa symbiosis. The CHS clones used in this study were two of four that had been previously found in a nodule cDNA library (McKhann and Hirsch 1994b) . Because CHS4-1 and CHS6-4 are 94.2% homologous along their entire length, we used RNAse protection analysis to follow specifically the levels of transcripts corresponding to the two nodule-expressed CHS gene family members.
CHS, but not CHI and IFR transcripts, were shown to accumulate within 2 dpi in wild-type R. meliloti-inoculated roots. The lack of elevated CHS6-4 transcript levels observed in the Rm1021-inoculated roots using RNAse protection as opposed to in situ hybridization may result from the fact that for the RNAse protection assays, RNA from total root systems was used. Thus, CHS6-4 transcripts present in total root tissue would be very dilute. Consistent with this hypothesis is the observation based on in situ hybridization experiments showing that CHS6-4 transcripts accumulate in very few root cells.
The in situ hybridization experiments also demonstrated that CHS6-4 mRNAs accumulated in several distinct places in alfalfa roots inoculated with wild-type R. meliloti: the root hairs/epidermis, phloem fiber cells, and the nodule primordium, although we did not detect CHS6-4 transcripts routinely in the latter. The presence of silver grains in meristematic cells of the nodule primordium correlated with longer exposures times. This may have allowed the detection of small amounts of CHS6-4 mRNA in the tissues or its crosshybridization to other CHS gene family member mRNAs. The latter explanation seems less likely because our probe was a very small DNA fragment that is specific to one CHS gene family member-CHS6-4.
The epidermal and root hair sites of CHS gene expression are consistent with a potential Ini (increased nod gene induction) response. Schmelzer et al. (1988) had previously detected CHS mRNA, CHS protein, and CHS biosynthetic products in epidermal cells of parsley, suggesting that flavonoids are synthesized and secreted from the epidermis. The increased levels of CHS transcripts in roots inoculated with wild-type R. meliloti may correlate with the observed increase in nod gene-inducing flavonoids in root exudates. 4´, 7-dihydroxyflavone and 4, 4´-dihydroxy-2´-methoxychalcone, both known nod gene inducers, were detected in exudates obtained from wild-type R. meliloti-inoculated roots. Following β-glucosidase treatment of the exudate, some formononetin was detected, indicating that formononetin glycosides were also present in the root exudate. Our results are thus consistent with those of Dakora et al. (1993) who also measured an increase in formononetin-7-O-glucoside-6´´-O-malonate in root exudates of inoculated plants. However, Dakora et al. (1993) also observed upon inoculation a large increase in medicarpin and medicarpin-3-O-glycoside, compounds which do not induce rhizobial nod genes. They also saw a small decrease in dihydroxyflavone, a moderate nod-gene inducer, which we did not observe in uninoculated roots. The reason for the disparity in the two sets of experiments is unknown, but different cultivars (Moapa 69 vs. Iroquois), seed sterilization procedures, and culture conditions were used. Our results are more similar to those of Recourt et al. (1992) who found nod gene-inducing flavonoids and no phytoalexins in vetch root exudates, and then only after inoculation with effective rhizobia. Moreover, based on the low level of IFR transcript accumulation 0 to 4 dpi, the synthesis of high levels of medicarpin-3-O-glucoside during the early stages of nodulation seems unlikely.
FGM, MGM, coumestrol, and daidzein accumulate in roots also during the early stages of the VAM fungus-Medicago interaction (Harrison and Dixon 1993) . In addition, 4´,7-dihydroxyflavone was found to accumulate in alfalfa mycorrhizal roots after colonization, and CHS transcript levels increased approximately 2-fold in the VAM-infected root early in the interaction. These results are similar to what we observed following wild-type R. meliloti inoculation. However, differences were also found. Harrison and Dixon (1993) measured a decrease in IFR mRNA levels, whereas we detected no such decrease in IFR transcript levels following wild-type R. meliloti inoculation. Also, in contrast to the VAM situation, where a transient increase in free medicarpin occurs, we did not detect free medicarpin in roots inoculated with either wild-type or exoB mutant R. meliloti.
Interestingly, nod gene inducing flavonoids were not detected in exudates prepared from roots 5 dpi with the R. meliloti exoB mutant nor were CHS, CHI, and IFR transcript levels significantly higher in roots inoculated with Rm7094 compared to wild-type R. meliloti-inoculated roots. This suggests that the plant is specifically responding to wild-type R. meliloti 2 to 6 dpi to produce nod-gene inducing flavonoids, and, moreover, it is not responding to exo mutant rhizobia in the same way. Thus, even at this early stage of the nodule development pathway, the plant can discriminate an ineffective strain from an effective one. Extracts from R. meliloti wildtype and exoB-inoculated roots showed an increase in FGM and MGM levels over the extracts from uninoculated roots, but the levels of FGM and MGM in R. meliloti exo mutant Fig. 4 . Relative CHI gene transcript levels using Northern blot analysis for inoculated versus uninoculated roots grown in the presence of 20 mM nitrate from two independent experiments. The line above and below the average values indicates the standard deviation. If absent, the standard deviations were too small to be displayed. The values for the uninoculated roots are given as a line graph. The light-shaded bars are the values for Rm7094-inoculated roots and the dark-shaded bars are for Rm1021-inoculated roots. The CHI transcript levels are normalized to the amount of Msc27-hybridizing RNA in each sample.
Fig. 5.
Relative IFR gene transcript levels using Northern blot analysis for inoculated versus uninoculated roots grown in the presence of 20 mM nitrate from two independent experiments. The line above and below the average value indicates the standard deviation. If absent, the standard deviations were too small to be displayed. The values for the uninoculated roots are given as a line graph. The light-shaded bars are the values for Rm7094-inoculated roots and the dark-shaded bars are for Rm1021-inoculated roots. The IFR transcript levels are normalized to the amount of Msc27-hybridizing RNA in each sample. Fig. 6 . Flavonoid composition of (A) root exudates and (B) root extracts. Plants were grown as described in the Materials and Methods and the roots were left uninoculated (Un) or were inoculated with wild-type Rhizobium meliloti-(WT) Rm1021 or with the R. meliloti exopolysaccharide mutant Rm7094 (exoB). Root exudates and extracts of root tissues collected 5 days after the start of the experiment were subjected to HPLC analysis before and after β-glucosidase treatment. DHF, 7, 4´-dihydroxyflavone; MCH, 4, 4´-dihydroxy-2´-methoxychalcone; FG, glycosides of formononetin estimated by amount of free formononetin following β-glucosidase treatment; FGM, formononetin-7-O-glucoside-6´´-O-malonate; MGM, medicarpin-3-O-glucoside-6´´-O-malonate. and wild-type-inoculated root extracts were low compared to what would be present in extracts from tissues or cell cultures infected with a pathogen or elicitor (Paiva et al. 1991) . Estabrook and Sengupta-Gopalan (1991) demonstrated that symbiotic-specific PAL and CHS genes, which are clearly distinct from other gene family members induced by stress or pathogens, are activated during the early stages of the soybeanBradyrhizobium japonicum symbiosis. Thus, it seems unlikely that the plant is responding to R. meliloti, even to the ineffective exo mutant strain, as it would to a potential pathogen that triggers a hypersensitive response. Furthermore, it would appear that either that a host-defense response is suppressed, or that ineffective rhizobia are not recognized by the plant in the same way that incompatible pathogens are. Similarly, Harrison and Dixon (1993) proposed that there is a suppression of certain defense transcripts in the VAM symbiosis. Although there is an initial elevation of defense gene transcript levels, it is not maintained and is insufficient to prevent further colonization by the fungus.
In this vein, Mithöfer et al. (1996) have shown that cyclic 1,3-1,6 β-glucans from Bradyrhizobium japonicum USDA110 are inactive in stimulating phytoalexin synthesis, which is normally elicited by 1,3-1,6 β-glucans derived from the fungal pathogen Phytophthora sojae on its host soybean. Moreover, the bacterial β-glucans were shown to be ligands for the β-glucan-binding sites, the putative receptors for this elicitor in soybean roots, and thus were proposed to be suppressors of the P. sojae β-glucans. When a cyclic glucan from R. meliloti was tested on soybean, this 1,2-β-glucan was inactive as elicitor, and also as a ligand of the β-glucan binding sites (Mithöfer et al. 1996) . However, it would be of interest to see whether R. meliloti oligosaccharides interfere with fungal β-glucan activity when alfalfa is infected with a host-specific pathogen. Based on our results, we predict that such a response should take place.
MATERIALS AND METHODS

Growth conditions.
Medicago sativa L. cv. Iroquois seeds were sterilized as described in Löbler and Hirsch (1993) . The seedlings were either grown in plastic dish pans containing vermiculite and perlite as previously described (Hirsch et al. 1989) , or in dish pans on wire mesh covered with cheesecloth, suspended over Jensen's medium (Löbler and Hirsch 1993) . Three days after germination, the seedlings were inoculated with wild-type (Rm1021; Meade et al. 1982) , or exoB mutant (Rm7094; Finan 1988) Rhizobium meliloti strains. Total root systems were harvested at the specified time intervals and frozen immediately in liquid nitrogen. R. meliloti cultures, grown in RDM (Rhizobium Defined Medium; Vincent 1970) to an OD 600 of 0.2 to 0.5, were used to inoculate plants, after the bacteria had been washed with sterile water.
Spot inoculations.
For spot inoculations, seeds were sterilized as described above and placed on top of 1.5% nitrogen-free Jensen's agar in square petri dishes (LabTek). Seeds were allowed to germinate in the dark and after 72 h, the seedlings were inoculated with 1 to 2 nl of R. meliloti strains Rm1021 or Rm7094 as described by Dudley et al. (1987) . Control plants were shaminoculated with RDM or water alone, and India ink was used to mark the point of inoculation. Root hair deformation and nodulation were monitored by light microscopy. At the times indicated, plants were harvested. Approximately 5 mm of the root adjacent to the spot were harvested and fixed in formaldehyde-alcohol-acetic acid (FAA) for in situ hybridization (McKhann and Hirsch 1993) .
In situ hybridizations.
In situ hybridizations were performed as described by McKhann and Hirsch (1993) except that 33 P-UTP was used. Hybridizations were performed at 45°C in 50% formamide using CHS6-4P antisense and sense probes. Twenty inoculated roots from 1 to 10 dpi and 10 uninoculated roots were prepared and examined. Over 21 specimens of nodule primordia ranging in developmental age from 3 to 10 dpi, and 20 different mature nodules (>21 dpi) were examined. After the in situ hybridization procedure, the slides were placed in the dark and the photographic emulsion was developed after times ranging from 4 to 12 weeks. Photographs were taken on a Zeiss Axiophot microscope using Ektachrome Tungsten 160 film.
RNA isolation and Northern analysis.
Total RNA was isolated from roots as described previously (McKhann and Hirsch 1994b) . RNA was subjected to electrophoresis on a formaldehyde gel (Sambrook et al. 1989) , and blotted onto Nytran following the instructions of Schleicher & Schuell. Each lane was loaded with 10 µg of RNA. Restriction fragments used as probes were labeled by random priming using α-32 P-dCTP (NEN). For the CHI probe, the entire EcoRI insert of CHI-1 was used (McKhann and Hirsch 1994b) . The IFR cDNA clone is a 1,181-bp EcoRI fragment (Paiva et al. 1991) . The Msc27 clone (Kapros et al. 1992 ), used to monitor RNA loading, was obtained from D. Dudits (Hungarian Academy of Sciences, Szeged, Hungary) and is a 710-bp PstI fragment. The autoradiograms were quantified using a PhosphorImager (Molecular Dynamics).
Representative Northern blots were chosen from two or more independent experiments to be illustrated in the figures. The graphs were generated using Cricket Graph III (Computer Associates). To compensate for variations in experiments done at different times and with different batches of radioactive precursors, the values obtained for the inoculated roots were normalized to the uninoculated root values by finding the difference between control and experimental treatments at time 0 and then using this value to offset the variation between experimentals and controls.
RNAse protection studies.
RNAse protection was performed as described previously (McKhann and Hirsch 1994b) . Riboprobes were generated from CHS4-1P (175 nt), CHS6-4P (148 nt), and Msc27P (105 nt) (McKhann and Hirsch 1994b) . Approximately 1.2 × 10 6 cpm of probe RNA were added to each sample. The three probes, CHS4-1P, CHS6-4P, and Msc27P were in the same reaction mixture. Hybridizations were done at 42°C and in 50% formamide. A PhosphorImager (Molecular Dynamics) was used to quantify transcript levels. The transcript levels were corrected for loading differences by expressing the transcript level as the ratio of CHS4-1 or CHS6-4 to Msc27 (relative transcript level). All RNAse protections were done with RNA samples from two or more independent experiments. The transcript levels were averaged for each treatment and the standard deviations calculated using Cricket Graph III (Computer Associates). To ensure consistency, the values obtained for the inoculated plants were normalized to the relative transcript levels of the uninoculated controls as described above.
Quantification of nod gene-inducing activity.
To obtain root exudate, plants were grown in plastic pans on screens suspended over nitrogen-free Jensen's medium as described previously. Three-day-old seedlings were inoculated with either R. meliloti strain 1021, or left uninoculated. At 5 dpi, the root exudate was collected. The Rm1021-inoculated root exudates were centrifuged to remove bacterial cells and then filtered through an Acrodisc HT Tuffryn filter (Gelman Sciences). Total nod gene-inducing activity was determined using Rm1021/pRmM57 which contains a nodABC::lacZ fusion as described by Mulligan and Long (1985) . The experiment was repeated three times.
Flavonoid analysis of root exudates and root extracts.
Analysis of flavonoids in roots and root exudates was performed as described previously (Paiva et al. 1991; Kessmann et al. 1991; Edwards and Kessmann 1992) . Extracts and exudates were obtained from both wild-type and exoB mutant R. meliloti-inoculated roots. Extracts were analyzed by HPLC both directly and following β-glucosidase treatment to provide information on the content of both free and conjugated flavonoids. The identities of compounds were confirmed by a comparison of retention time and UV spectra (Beckman Model 168 diode array detector), and shifts in retention time following β-glucosidase treatments. Two different sets of exudates and extracts were examined.
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